Abstract-In this paper, complementary spilt ring resonator (CSRR) is applied to design harmonic suppression microstrip rat-race and branch-line coupler. As the CSRR cell is etched on the ground plane of the substrate, the frequency selective properties have a considerable relation with its geometry parameters, which has been analyzed detailedly. As demonstration, a rat-race and a branch-line coupler are designed and fabricated using conventional printed-circuit board fabrication process. The proposed couplers show the performance as good as that of the corresponding conventional structures, but deep harmonic suppression in addition. The design and simulation have been performed using full-wave EM TOOLS ADS Momentum.
INTRODUCTION
Split-ring resonators (SRRs) was originally proposed in 1999 [1] by Pendry et al. as basic particles for the design of negative values of permittivity (ε) and permeability (µ). Because of the simultaneous negative values of ε and µ, the wave vector and the electricand magnetic-field intensity form a left-handed triplet, with the result of anti-parallel phase and group velocities, or backward-wave propagation, very interesting properties for the design of microwave and millimeter-wave circuits. Split-ring resonators (SRRs) are planar structures with a pair of concentric conducting rings with slits etched on opposite sides. When they are excited by an external time varying magnetic field applied parallel to the ring axis, an electromotive force around the rings is generated giving rise to current loops in the rings. In contrast to conventional ring resonators, SRRs exhibit a quasi-static resonance by virtue of the distributed capacitance between concentric rings and overall rings inductance.
As the negative image of SRRs, complementary spilt ring resonators (CSRRs) have been investigated to exhibits an electromagnetic behavior which is almost the dual of that of the SRR [2] . For CSRR based transmission lines, CSRRs must be etched in the ground plane, just underneath the conductor strip, in that region where the electric field is maximal. The dominant driving mechanism for CSRRs excitation is electric coupling, the electric field must be applied in the axial direction (magnetic field parallel to ring axis).
A lot of theoretical study of CSRRs has been presented in recent papers [3] [4] [5] [6] [7] [8] , but all of them either employ electromagnetic field analysis method, or establish equivalent lump circuit model, yet none of them could offer direct synthesis method of distributed microwave circuit using CSRRs. In the paper, the detailed relation between the geometry parameters and electric performance has been studied, which drastically simplifies design procedure and reduce design period.
FREQUENCY ELECTIVE PROPERTIES STUDY OF CSRRS
The basic topology of a CSRR is depicted in Fig. 1 . This consists of a pair of concentric conducting rings with slits etched on opposite sides. The geometry parameters of the CSRRs (Fig. 1 ) consist of ring width c, space between the rings d, and the ring radius r and l, which affect the electric performance deeply. Though the corresponding equivalent lump circuit model of the CSRR has been reported in [9] , it has been reproduced here for clarity and completeness.
In the model, L is the line inductance, C is the coupling capacitance between the line and the CSRR. The resonator is described by means of a parallel tank, C R and L R being the reactive elements and R R accounting for losses, where transmission zero frequency (f Z ) which nulls the shunt impedance is defined as: Figure 3 shows the simulated transmission zero frequency (f Z ) of four CSRR cell which have different configuration parameters. In the study, the CSRR etched in the ground plane and a microstrip on the surface with the characteristic impedance of 50 Ω line. The simulation is on the substrate of ε r = 2.65, thickness h = 1000 µm and loss tangent of 0.003. In the simulation, the one parameter was varied while other three were held constant. Evident from the result, the transmission zero frequency (f Z ) vary smoothly and appreciably with respect to the geometry parameters w, c, d, r.
In Fig. 3(a) , the dependence of the transmission zero frequency (f Z ) upon the ring spilt space w is shown. This is indicative of the transmission zero frequency (f Z ) variations enabled by adjustments the spilt space w. The frequency f Z is insensitive to the space size, but the trend is clear: increasing the spilt space of the ring will introduce the increase of the transmission zero frequency (f Z ). An explanation for this begins with the fact that the larger space prevents current from r=1950 µm w=300 µm d=200 µm flowing around any one ring, which induces the relative decrease in the value C R . In Fig. 3(b) , one may observe that the transmission zero frequency (f Z ) decreases as the ring radius r increases. This has important implication on the CSRR cell design: the slope of f Z depends greatly upon the radius r. It can be shown clearly from the Equation (1), the capacitance value C R affects the frequency f Z , while the larger ring radius corresponding to the larger capacitance.
The dependence of the transmission zero frequency (f Z ) upon the ring width c is shown in the Fig. 3(c) . Noteworthy here is that the ring with larger width has higher transmission zero frequency. This can be explained from the increase of the ring width c induces the decrease of the internal ring radius when the external ring radius r was held constant. In the case, the equivalent area of the capacitor C R was reduced, which means the increase of the f Z .
Finally, Fig. 3 
DESIGN AND MEASUREMENT
As a demonstration, a branch line coupler and rat-race coupler for 3rd harmonic suppression was designed and fabricated with the common PCB process without via holes and bonding wires. The couplers were designed at the frequency 2.1 GHz, while the spurious passband introduced by high orders harmonic occurred at the frequency 6.3 GHz. In the design, the CSRR cells were etched on the ground plane of the substrate (ε r = 2.65, h = 1000 µm). To succeed in this aim, the position and broadness of such undesired band should be determined from roughly 6 up to 7 GHz. To efficiently reject this relatively wide band, a set of CSRR cells, tuned at different frequencies within the band, is necessary. The simulated (using Agilent Momentum) frequency responses of the CSRR cell specifically, by setting c = 200 µm, d = 200 µm, w = 300 µm, r = 1800 µm is found to be at 6.3 GHz, in the centre of the spurious band. From this geometry, we have slightly scaled up and down CSRRs dimensions in order to obtain multiple closed notches and hence achieve whole band rejection. As depicted in the Fig. 4 , CSRR were distributed just along the branches of the couplers to enhance the electric coupling between the line and the cells. 
CONCLUSION
This paper presented the design method for micostrip passive circuit using CSRR cell. This has been achieved through the CSRR cell etched in the ground plane of the substrate. The frequency selective properties of the CSRR cell show the considerable relation with its geometry parameters, which has been analyzed detailedly in the paper. As demonstration, a rat-race and branch-line hybrid couplers operating at 2.1 GHz were realized by common PCB process. With couplers loaded with CSRR cells, rectangle rat-race and branch-line couplers have insertion loss comparable to the conventional one, while, the 3rd harmonic signals have been deeply suppressed due to the stop-band effect of CSRR cell. The above newly design method can be used in various hybrid microwave integrated circuit (HMIC) and monolithic microwave integrated circuit (MMIC) without any additional process.
